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3.1 Introduction  
Extensive attention has been paid to the dynamic mobility of macromolecules in 
the region near the surface over the past 20 years due to scientific interest as well 
as its importance in friction, lubrication, adhesion, and in applications involving 
polymer thin films[ 1 ] Although earlier discussions gave some contradictory 
conclusions,[2,3] most recent reports certified that the glass transition temperature 
(Tg) is largely depressed at the surface, and chain mobility near the surface can be 
several orders of magnitude faster than bulk mobility below bulk Tg. De Gennes 
predicted that the greatly depressed Tg of thin films actually resulted from a 
gradient of Tgs at the surface.[4] The distribution of Tgs within polymer thin films 
that effectively depends on the depth from the surface was obtained by Torkelson’s 
group[5,6] via fluorescence probe measurements. They indicated that the distance 
over which a diminishing level of enhanced mobility extends into the film from the 
surface is several tens of nanometers and has a nanoconfined glassy film. Keddie et 
al.[7] also hypothesized that a region exists near the free surface of a polymer glass 
where dynamics are enhanced relative to the bulk below the bulk Tg. Forrest et al. 
reiterated this point[8,9] in their experiments and observed that the mobile layer at 
the surface of a freestanding polystyrene (PS) film decreases in thickness with 
decreasing temperature.[10] This enhanced mobility is diminished as one moves 
away from the free surface, and at some depth, the bulk properties are restored. 
According to their research, the depth has generally been measured to be on the 
order of a few nanometers in both polymeric [11-14] and small molecular [15] glasses.  
There is growing evidence that the chain mobility of polymers with a wide 
mobile surface region can be greatly enhanced when the glassy polymers are in 
contact with gases such as carbon dioxide (CO2). The dissolved gas acts as a kind 
of “lubricant” inside the polymers, making it easier for chain molecules to slip over 
one another and thus causing the polymer to soften. This leads to an obvious 
depression of the polymer’s Tg, a process known as plasticization.[16] The density 
and viscosity of CO2 close to the critical point can be tuned by simply raising or 
lowering the pressure and temperature. This tunable property enables CO2 to be a 
powerful candidate for effectively manipulating and controlling the surface 
properties of polymer glass with only modest changes in processing conditions. 
Several investigations have successfully used CO2 to bond polymeric materials 
with macro- and nanostructures under supercritical conditions[17-20] and also to 
enhance interfacial fusion of microstructures at low temperatures and pressure.[21] It 
is believed that there would be an excess amount of CO2 at the surface of 
polymeric materials and hence a CO2/polymer interface due to entropic reasons. In 
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this case, in addition to the free surface effect, the concentration gradient of CO2 
has a great effect on the local Tg of the polymer. Even though the general trend of 
Tg lowering with depth is believed not to change in the presence of CO2, the Tg at 
the same depth would be greatly reduced.[21] In some cases, the presence of CO2 
plays the same role on a polymer as an increased processing temperature, specified 
at the surface region of the polymer. Therefore, various thermal sensitive 
treatments in which the drawbacks of traditional high temperature thermal polymer 
processing methods are unacceptable can be achieved via the CO2 assistance 
technique.  
Although the effects of CO2 on the global swelling properties of polymer films 
has been intensively investigated through many techniques such as fluorescence 
measurements,[ 22 ] in situ neutron reflectivity,[ 23 - 28 ] in situ spectroscopic 
ellipsometry[29-34] and in situ X-ray reflectivity,[35,36] to our best of knowledge, 
specific studies on the surface properties of CO2 remain few. This may be due to 
the formidable challenge of measurement. All of the aforementioned methods are 
effective in examining the global swelling behavior of polymer films in contact 
with CO2; however, they are limited in revealing the enhanced surface properties of 
polymeric glass in CO2. Because embedding nanoparticles requires long-range 
chain mobility within the polymer, the embedding process on the glassy polymer 
surface reflects changes in chain mobility in the near surface region.[37] Hence, the 
nanoparticle embedding technique, which has already been utilized in 
demonstrating the enhanced surface mobility of polymer glass under ambient 
atmosphere,[12-15, 38-41] shows promise as a possible technique to probe the greatly 
enhanced surface properties under CO2 conditions.[21]  
The rewards of studying nanoparticle embedding on the polymer surface under 
CO2 are substantial, both in terms of an improved understanding of the nature of 
the enhanced surface properties of glassy polymers in contact with CO2 and better 
manipulation of the surface and interface properties for future practical applications.  
In an attempt to study the surface mobility of polymers when they are exposed to 
compressed CO2 and to further control the embedding depth of particles on 
polymer surfaces, in this chapter, several groups of investigations were performed 
on polymer surfaces, including the embedment of 500 nm sized silica particles on 
spherical PS templates, 20 nm sized gold nanoparticles embedding on PS films and 
the welding of PS colloidal crystals. An embedment depth over 100 nm can be 
visualized relatively easy but it would be a challenge to distinguish the embedment 
of much smaller sized particles, like sub 20 nm, solely via scanning electronic 
microscope (SEM) technique. Therefore, by using 20 nm sized gold nanoparticles 
as the detector of height change and atomic force microscopy (AFM) technique as 
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the main tool, we performed an extensive study to monitor the CO2 processing 
conditions dependent embedding behavior of gold nanoparticles on flat polymer 
surfaces. The influence of CO2 conditions on welding behavior of PS colloidal 
crystals was also studied at the same condition as the embedment experiments. 
3.2 Experimental 
3.2.1 Materials 
Gold nanoparticles (Au NPs) with diameter of approximately 5 nm, 10 nm and 
20 nm in a 0.1 mM PBS buffer suspension were obtained from Sigma Aldrich. The 
polystyrene (PS) materials used (Mn=130 kg/mol, Mw/Mn=1.05, Mn=360 kg/mol 
and Mw/Mn=1.09) were purchased from Polymer Source Inc. Aqueous suspensions 
of 200 nm polystyrene microspheres functionalized with carboxyl group (2.6 
w/v %) were obtained from Polyscience Inc. All solvents were of analytical grade. 
3.2.2 Preparation of gold nanoparticle coated PS films  
PS films of thickness of approximately 95 nm were prepared by spin-casting out 
of toluene solution onto silicon substrates (1 cm × 1 cm) and drying at 40 °C in 
vacuum for several hours to totally dry the PS films. The samples were annealed in 
a dry oven at 423 K for at least 16 h before slowly cooled down to room 
temperature to relieve any residual stresses built onto the film during spin coating. 
The thicknesses of the polystyrene films were measured by using the spectroscopic 
ellipsometry (V-VASE Ellipsometer, J.A. Woollam Co.) 
Because of the hydrophobic interaction between Au NPs suspension and the PS 
film surfaces, Au NPs were difficult to absorb onto the surface PS films via the 
spin-coating method. Therefore, the traditional drop casting method was chosen 
here to get Au NP-coated PS film samples. The two-times diluted Au NPs solution 
was then placed onto the polymer films surface and slowly dried in a vacuum oven 
at room temperature. A ring-like pattern with a separate dispersion of Au NPs in 
the middle of the ring was formed near the center of the films. The drying rate of 
solvent was carefully controlled by gradually increasing the vacuum’s degree 
control to avoid the massive aggregation of gold nanoparticles.  
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3.2.3 Embedding treatment in CO2 
The prepared samples with hierarchical structures in Chapter 2 were first added 
to the cylinder (50 ml). Subsequently, temperature of the sample was set to the 
desired value by heating the controller (Eurotherm controller, The Netherlands) 
and the set-up was refreshed with CO2 for at least 10 s to flush the air inside. 
Subsequently, CO2 was added using a membrane pump (Lewa, USA) to the 
cylinder until the desired pressure was reached. Most of the samples were allowed 
to be in continual contact with CO2 for at least 4 h. The other samples were kept 
inside CO2 for various lengths of time to study the time-dependent embedding 
behavior of gold nanoparticles on the polymer surface. After the treatment the 
pressure was slowly released by venting, and the sample was kept for further 
analysis. 
Au NPs-coated samples were put inside an open glass container and then placed 
inside the cylinder (50 ml) following similar procedures as the treatment of 
hierarchical structures. Most of the samples were allowed to be in continual contact 
with CO2 for at least 2 h. For comparative studies, series of Au NP-coated samples 
were also put into oven and annealed at 105 °C (≈ Tg of bulk). After a pre-
determined period of time, a single sample was removed from the oven and 
quenched to room temperature.  
Polystyrene colloid crystals were obtained by self-assembly of 200 nm 
polystyrene particles (with carboxyl group, Polyscience Inc.) on silicon substrates 
and subsequently dried in a clean vacuum oven. Polystyrene colloidal crystals were 
treated under CO2 with similar procedures to those in the annealing of Au NPs 
embedding experiment. 
3.2.4 Characterization 
Scanning electron microscopy (SEM) imaging was carried out on a JEOL 6320 
Field microscope operating at accelerating voltage of 3 kV. Prior to imaging, the 
specimens were coated with 10 nm Pt/Pd (80/20).  
Transmission electron microscopy (TEM) measurments were carried out on a 
Philips CM12 transmission electron microscope operating at an accelerating 
voltage of 120 kV.  
Differential scanning calorimetry (DSC) was carried out using a TA Instruments 
Q1000 in a dry nitrogen atmosphere with a heating/cooling rate of 10 ˚C min-1. 
Samples were scanned in a temperature range from 20˚C to 800˚C by heating-
cooling-heating scans with the same heating-cooling rate 10˚C/min. The midpoint 
of the specific heat increase in the transition region during the second heating scan 
is reported as the glass transition temperature (Tg).  
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Atomic force microscopy (AFM, Veeco) analysis in tapping-mode was used to 
measure the embedding data of Au NPs on the PS films. The images were taken 
from the spot inside the ring-like pattern where Au NPs were finely dispersed. 
More than 100 gold nanoparticles were selected to get the average apparent height. 
All the particles chosen for analysis were isolated to avoid potential interference in 
the embedding behavior by other particles. A 5 × 5 µm scan region was chosen for 
statistical analysis in most cases. Sometimes more than one image was taken to 
obtain the same level of statistical confidence. 
3.3 Results and Discussion 
3.3.1 Embedment of 500 nm sized Silica nanoparticles on spherical PS 
templates  
Glass transition temperature (Tg) of the used spherical PS templates was 
observed close to bulk PS (see Figure S3.1 for the second scan DSC thermogram). 
Although the Tg of PS at atmospheric pressure is roughly around 105 °C, this value 
was reported to decrease as a function of CO2 pressure with adecrease of Tg 
between 0.5 and 1 °C for every bar of pressure applied (the difference can be 
attributed to different definitions of glass transitions).[42-44] Chen et al. were able to 
show that an increase of pressure to 70 bar causes a decrease in Tg of 32 °C; above 
this temperature Tg becomes pressure independent up to 110 bar.[19] In principle, 
the embedding degree of silica particles inside PS templates seems quite possible to 
be governed by choosing the appropriate CO2 temperature and pressure. 
We therefore carried out embedding experiments of 500 nm silica particles on 
the PS sphere surfaces at 60, 80, 126, and 216 bar at 60 °C for 4 h in the presence 
of CO2, followed by depressurizing to ambient pressure. Structures obtained at 
different pressures were visualized in SEM images as shown in Figure 3.1. It 
shows that silica particle embedding depth on PS spherical templates increased as a 
function of a given pressure from 60 to 126 bar. In this pressure region, the 
spherical shape of PS templates was kept, thereby guaranteeing the uniform 
embedding of silica particles on the global surface of PS template. Visible imprints 
on the surface of PS template in Figure 3.1f are supposed to be left by embedded 
silica particles, which were washed out by accident during washing, clearly 
indicating to what extent the particles were embedded in the PS matrix.  
The increased embedding depth with CO2 pressure is quite understandable. For 
pure PS in the lower pressure range, the decrease of the glass transition temperature 
is dominated by the increased CO2 solubility with pressure, named as a diluent 
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effect of CO2.[44] This greatly absorbed CO2 can increase the distance between 
polymer segments and thus decrease the strength of the intermolecular interactions 
between segments, to further allow a transition from a glass to a viscoelastic state 
of PS. As a consequence, PS templates were swollen and also softened, over 
several or even hundreds of nanometers beneath the free PS surface. The more the 
sorption of CO2 with pressure, the lower the glass transition temperature of PS, and 
thus the higher the softening degree of the PS spheres and the embedding depth of 
silica on PS surfaces, at least in this pressure range. However, at a high pressure of 
216 bar, over-softening of PS templates was observed in Figure 3.1 d and e, where 
PS templates began to lose their spherical shapes and thus were fused together, also 
leading to complete sinking of silica particles inside PS. Therefore the glass 
transition temperature of PS at this pressure is supposed to be much higher than the 
experimental temperature of 60 °C.  
 
Figure 3.1. SEM images of embedded silica particles into the PS sphere template 
after treatment by CO2 at different pressures at 60 °C for 4 h under (a) 60 bar, (b) 
80 bar, (c and f) 126 bar, and (d and e) 216 bar. 
Accordingly, the various treatment temperatures can also play an important role 
on the final embedding depth. Figure S3.2 in the appendix shows SEM images of 
the structures obtained at various treatment temperatures of CO2. We found a lower 
embedding degree in silica particles when the temperature decreased to 55 °C. 
However, it seems silica particles were not embedded when the temperatures were 
too low such as at 45 °C, 33 °C, and 25 °C. In these cases, polymer chain segments 
become less mobile; the decreased free volume at lower temperature also reduced 
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the intermolecular free space for the movement of polymer chains. This is why a 
lower embedding degree of silica particles was observed at lower temperatures. 
Decreasing the treatment time in CO2 was also found to induce a lower 
embedding degree of silica, as shown in Figure S3.3. Shortening the treatment 
time to 1 h shows the same impact on the embedding degree with decreasing 
pressure and temperature. Due to the fact that the motion of polymer chain 
segments is a relaxation process, it takes time for chain segments to transform from 
one equilibrium state to another via thermal motion. A complete relaxation of chain 
segments in a sub-micro length scale obviously needs even longer treatment times 
in CO2. 
3.3.2 Embedment of 20 nm sized Au NPs on PS films  
An embedment depth of 100 nm can be easily observed via SEM, as discussed 
above. However, it turns out to be a challenge to precisely estimate the embedment 
depth of nanoparticles inside spherical PS templates via the same technique, 
especially when the size of the target particles is already quite small. The necessary 
layer of conductive coating on the samples to get high resolution of SEM images 
will cause an extra deviation on the calculation of the final embedding depth. 
Therefore, other techniques with a resolution in the nano-scale but without 
introducing an extra layer should be applied. Atomic Force Microscopy (AFM) is 
one of the best candidates in this sense. From the height profiles of Au NPs 
measured by AFM we can statistically calculate the embedding depth (i.e. the 
difference between the original particle diameter and the apparent height after 
embedding on the film). The apparent heights of Au NPs on the PS film surfaces 
are the key parameter for measuring the embedding depth and thus should be 
carefully studied. 
Commercially available 20 nm sized gold nanoparticles (Au NPs) were used due 
to their smooth surfaces and homogeneous in size. Figure 3.2 presents the TEM 
image (a) of Au NPs used in our experiments and AFM (b) images of dispersed Au 
NPs on flat PS films. By analyzing the height profile of Au NPs from AFM images 
(as shown in Figure 3.2c), one can get the apparent height values and thus the size 
distribution (Figure 3.2d) via measuring more than 100 gold particles. The average 
size/height was obtained according to a typical Gaussian fit, as shown in the table 
inset in Figure 3.2d. All the height data of Au NPs used in our discussion are 
Gaussian average values that have been calculated in this way. 
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Figure 3.2. (a) TEM of 20 nm gold nanoparticles used in our study; (b) AFM 
image of 20 nm gold nanoparticles on the PS film surfaces; (c) typical height 
profile of gold nanoparticles from the AFM image (b), from which the apparent 
height of gold nanoparticles on the PS film surfaces can be obtained; (d) the size 
distribution and its Gauss fit line from AFM image analyses; the inset inside (d) 
shows the Gauss fit details. 
In all of our experiments, the apparent heights of gold nanoparticles show a 
decrease after annealing treatment, which can be attributed to the embedding of Au 
NPs into the PS surface. This process assumes several conditions. First, the surface 
properties of the Au NPs themselves are not affected by the annealing time in CO2 
conditions, based on the fact that there is no discernible change in the apparent 
heights of the Au nanoparticles on the hard Si surface over time,[39, 41] nor to the 
best of our knowledge is there evidence of surface property changes in gold by CO2 
reported in the literature. Second, the roughness of films treated under CO2 
pressure without phase separation of polystyrene was measured at 0.5 nm, the same 
Chapter 3 
72 
as before treatment in CO2. Therefore, treatment does not influence the accuracy of 
the calculated embedding depths. Third, the height of the polystyrene meniscus 
formed around Au NPs has no influence on the measured height by AFM. Actually, 
its size can be calculated to be 0.44, 0.57, and 0.72 nm for our 5, 10, and 20 nm 
sized nanoparticles, respectively, according to the simplified equations suggested 
by McKenna group.[38] Because it has a negligible influence on the merged depths 
of particles, we do not take it into account in the following discussions. In short, it 
is quite reasonable to define the average embedded depth of gold nanoparticles as 
the difference between the original particle diameter and the apparent height on the 
film. 
As compared to the 500 nm sized silica particles, the size of the Au NPs used 
here is much smaller. Therefore, as we discussed in Section 3.3.1, lower 
temperatures and pressures should be used for the embedment of such small sized 
nanoparticles otherwise particles would completely sink inside PS surface. Figure 
3.3 shows the apparent height change of Au NPs as a function of time after 
annealing in air and also under CO2 pressure of 60 bar at different temperatures 
(the size distribution of apparent heights under each experimental condition can be 
found in Figures S3.4-S3.6). At the annealing temperature of 105 °C in air, the 
embedding process can be roughly described by a single exponential (see the 
dashed black line in Figure 3.3), which suggests a homogeneous embedding 
process; the final embedding depth for the experimental time range is around 14 
nm. Even though different molecular weights of PS were used for the films, the 
embedding behavior was found to be similar to the process observed by Forrest and 
his colleagues [8, 12-14, 41] at the same temperature, 105 °C, in which they showed that 
the relaxed polymer films exhibit rubber or even liquid-like characteristics as bulk 
polymers. One remarkable point here is that the sample in CO2, with approximate 
temperatures of 65−70 °C below the bulk/film PS Tg, had final embedding depths 
that were even higher than those samples annealed at bulk Tg in atmosphere. It was 
reported that without exposing the samples to CO2 only about 0.5−1 nm of the gold 
nanoparticles (20 nm in diameter) were embedded inside the PS films at 35 °C.[12, 13] 
A comparison between the embedding behavior with and without CO2 can provide 
a way of understanding the effect of CO2 on the physical properties of the polymer. 
Obviously, the dissolved CO2 in polymer films plays the key role in the greatly 
enhanced polymer mobility.  
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Figure 3.3. Apparent Au NP height on PS films with a thickness of around 100 nm 
as a function of time in atmosphere and under CO2 pressure at 60 bar.  
The other key feature in Figure 3.3 is that the embedding behavior itself under 
CO2 shows distinct multistep processes, at both 35 and 40 °C, including a partial 
embedding at a short time scale and a maximum embedding after a longer 
relaxation time, similar to the multistep particle embedding that was observed near 
the bulk Tg range (97 °C < T <105 °C) under nitrogen by Forrest et al.[8, 12, 13] We 
considered the embedding of nanoparticles at approximately 3 nm into the films 
after a short period of time to be the result of enhanced chain segment mobility. A 
longer treatment time inside CO2 gives the entangled network sufficient time to 
stretch and thus allows particles to penetrate more deeply into the polymer to depth 
of around 16-17 nm in total, which is significantly larger than the length scale 
involved in the segment level relaxation. The embedding depth reaches a maximum 
and shows no further increase, which demonstrates that the maximum movement of 
the polymer chain has been reached in this time scale. The embedding of 
nanoparticles definitely requires space within the polymer matrix, which means 
that the polymer chains have to undergo local movement and even long-range 
chain mobility during the embedding process. This resembles certain viscosity 
properties of the polymer surface layer at the same depth of the embedded particles; 
i.e. the polymer film undergoes transitions from the hard, brittle glassy state to the 
rubbery, elastomeric state in the presence of CO2 at these temperatures. Moreover, 
the shorter lifetime of the embedding process at 35 °C in comparison to that at 
40 °C indicates a higher surface mobility of the film at 35 °C, the temperature at 
which glass transitions of bulk polymers were also reported based on other 
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traditional techniques.[43, 44] Even though this method cannot measure the Tg directly, 
the embedding technique reported here indeed reflects the surface mobility of 
polymers and reveals the glass transition of polymer surfaces in an indirect way, 
thus showing its promise as an effective tool for detecting the thermal properties of 
polymers inside CO2. 
The reason for the increased lifetime of embedding at 40 °C compared to 35 °C 
(Figure 3.3) is likely due to the concentration gradient that exists inside the 
polymer. With a concentration gradient parallel to the depth direction inside the 
polymer, the observed relaxation time is composed of the sum of relaxation times 
for polymer chains exposed to different CO2 concentrations within the film. It 
appears that lower CO2 concentrations inside the film may lead to longer effective 
relaxation times because the polymer chain mobility is lower. Because the bulk 
density of CO2 shows a decrease when heated at a given pressure, the concentration 
difference between the bulk CO2 and bulk polymer, i.e. extent of the concentration 
gradient inside the polymer, would be smaller at 40 °C compared to 35 °C. This 
would induce lower average chain mobility and thus a longer relaxation time for 
embedding at 40 °C. 
To further explore how the properties of CO2 affect the degree of embedding of 
Au NPs, a series of experiments under different CO2 conditions were performed, 
and the embedding depths of gold particles under these conditions were examined. 
It should be noted that the great change in CO2 conditions may cause the particles 
to completely sink inside the polymer matrix, which should be avoided. Otherwise, 
the depth of embedding changes would no longer be detectable via the AFM 
technique. There is no doubt that surface mobility of the polymer with a depth 
scale greater than 20 nm is also an interesting direction to go for further studies, but 
is not within the scope of this discussion. Our studies focus on the enhanced 
surface properties of the polymer within specific surface regions of around 20 nm, 
a range from which we can also fabricate Janus nanoparticles with much smaller 
sizes by carefully selecting future CO2 embedding conditions. 
Figure 3.4a displays the absolute height of 20 nm gold nanoparticles on the 
polystyrene surface as a function of CO2 pressure at 40 °C, with an exposure time 
of 2 h (the size distribution of apparent height under each experimental condition 
can be found in Figures S3.7 and S3.8). For both films with molecular weights of 
130 and 360 kg/mol, respectively, the apparent heights and embedding depths 
present the same trend when the processing pressure is increased with a slight 
variation of less than 2 nm at each pressure spot. We note that in the pressure 
region higher than 40 bar the particles start to significantly embed inside the 
polymer, which is exactly the range in which glassy polymers are transformed into 
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a rubber state in CO2 in inter-diffusion experiments by using neutron reflectivity. 
Again, this may show that the embedding behavior observed here to some extent 
reflect the mobility of polymer chains under CO2. Also, as shown in Figure 3.4b, it 
clearly demonstrates that embedding depths can be adjusted by choosing the proper 
pressures, ranging from 2 to 17 nm. 
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Figure 3.4. Embedding behavior of 20 nm gold nanoparticles, as a function of 
processing pressure of compressed CO2 at 40˚C on PS films with two different 
molecular weights: (a) apparent height; (b) calculated embedded depth. 
However, the effect of temperature on embedding seems a bit tricky for control 
of the embedding process. Figure S3.9 shows the embedding data for nanoparticles 
on the PS film surfaces at different temperatures (30, 35, 40, and 50 °C) under 60 
bar (the size distribution of the apparent heights under each experimental condition 
can be found in Figures S3.10 and S3.11). The embedding data for temperatures 
above 60 °C were not conclusive in this graph because the apparent heights at these 
conditions are unmeasurable, due to either the phase separation of PS films or to 
the complete sinking of Au NPs inside PS films. On films with molecular weights 
of 130 and 360 kg/mol, the embedding depths of Au NPs showed an increase with 
an increase in temperature from 30 to 50 °C, except for one case of an anomalous 
maximum at 35 °C. These observations are a result of the competition between the 
CO2 solubility-dependent and thermal-energy-dependent mobility of PS. The 
solubility of CO2 in PS is reported to decrease as a function of temperature,[45-47] 
meaning high sorption of CO2 at lower temperature where thermal effects cannot 
achieve increased chain mobility yet. Thus, the density of CO2 inside PS plays a 
dominant effect at this temperature region, leading to a higher free volume inside 
PS for the movement of chains at 35 °C and lower free volume for PS chains to 
move at 40 °C. This is the reason why a lower embedding depth was observed at 
40 °C as compared to that at 35 °C. On the contrary, further increasing the 
Chapter 3 
76 
temperature endows PS higher thermal movement energy at higher temperatures 
than 50 °C. This thermal kinetic effect dominates over the density effect of CO2 at 
this point and thus induces higher mobility of PS (deeper embedding of Au NPs) at 
50 °C. However, we also observe a lower embedding depth at 33 °C as compared 
to 35 °C. At this temperature, CO2 solubility in PS should be the dominant effect, 
and thermal energy does not yet play a role. The mobility of the PS film is 
expected to be higher than that at 35 °C. Unfortunately, no reports can be found 
that focus on the swelling of PS or the sorption of CO2 at this quite narrow 
temperature region at which the temperature is close to the critical point but lower 
than 35 °C.[24, 25, 48] 
Table 1. Apparent height and embedded depth of gold nanoparticles of various 
sizes on a polystyrene surface treated in CO2 conditions under 40˚C and at 60 bar 
for 2h. 
Description 
 Au NPs  
5 nm 10 nm 20 nm 
Original height (AFM) 4.37 10.07 19.96 
Height after treatment  2.73 7.66 17.78 
Embedded depth 1.64 2.41 2.18 
 
To confirm that the studied CO2 conditions will be applicable to get stable 
embedding and thus to prepare various types Janus particles, size effects of gold 
nanoparticles on the embedding depth at certain conditions were studied by using 
mean particle diameters of 5 nm (TEM image in Figure S3.12a), 10 nm (TEM 
image in Figure S3.12b), and 20 nm (Figure 3.2a). The statistical distribution for 
each, with or without treatment by CO2 (under 40 °C and at 60 bar for 2 h), is 
shown in Figures S3.13 and S3.14. The average values are summarized Table 1, 
which shows the final embedding depths for three individual particles of 
approximately the same size but with slight experimental deviations. This was also 
observed in previous studies of particle embedding behavior on a polymer 
surface.[14, 39] This comparatively weak size dependence of particle embedding 
below 20 nm confirms the possibility of using the CO2 condition in which a certain 
embedding depth value can be obtained as the reference to prepare various Janus 
particles (JPs) with different sizes and Janus balance (the area ratio between two 
sides of Janus particles).  
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3.3.3 Discussion of the mechanism of embedment under CO2 conditions 
But how can dissolved CO2 enhance polymer chain mobility and soften the 
polymer at a temperature below the bulk Tg of polymers? What are the possible 
factors or the driving forces by which CO2 induces the sinking of Au NPs on the 
softened polymer surface? Without a sufficient explanation that addresses these 
issues, it will not be possible to put this technique into practical application, for 
example, to control the size and geography of Janus particles that can be obtained. 
 
Figure 3.5. SEM images of bare PS sphere templates after treatment by CO2 under 
60 °C, 126 bar for 4 h: (a) close-packed area, (b) low-density area, and (c) zoomed-
in image of (b). 
Details on the mechanism by which silica particles are embedded into PS 
templates during treatment with CO2 are not clear at this moment, due to the 
difficulty of in-situ monitoring of the changes in the samples. However, we can 
still get some clues by comparing bare PS spheres with the ones treated by CO2, as 
shown in Figure 3.5. Bare PS latex treatment in CO2 was carried out at 60 °C, 126 
bar for 4 h, the same treatment as Figure 3.1c. Coagulation of PS and adhesion in 
form of PS fibers between PS spheres were found in close packed areas and low-
density patterning, respectively. This can be explained by a swelling-shrinking 
process of PS spheres during treatment by CO2. Similar to the relaxation process of 
polymer chains the recovery of the polymer chains is also delayed as external 
forces are being removed. If there is sufficient space between PS spheres for 
swelling, inter-diffusion and entanglement of the polymer chains between particles 
will not occur and particles can resume their shapes. When space between the 
spheres is limited polymer fibers, which were observed to bridge adjacent particles 
in Figure 3.5b and 3.5c, were formed during the shrinking process of PS particles. 
However, polymers between contiguous particles can diffuse inside and intertwine 
with each other during swelling, and thus, cannot be recovered when particles were 
quite close packed, resulting in conglutination between PS particles, as shown in 
Figure 3.5a. However, in the presence of a silica particle coating on the PS 
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template surface, these later two cases seem to be not possible in the case of PS-
silica hierarchical composites under the same CO2 conditions, benefited from the 
shield of silica particles, as shown in Figure 3.1 a-c.  
So far one may assume that swelling of a polymer is the key reason for the 
embedding of particles under CO2 conditions. However, analysis based on the 
comparison of the reported swelling degree of PS films and the embedding degree 
of Au NPs on PS films in our experiments didn’t confirm such assumption. PS 
films with an original thickness of 130 nm[49] were observed to swell only 1% more 
than the bulk PS (the volume change of which is found to be 5 % under 60 bar at 
40 °C of CO2), by in situ studies at pressures below 80 bar. Koga et al.[25] also 
found that the degree of swelling decreases below 10% when the film thickness is 
higher than 50 nm at 36 °C under 82 bar. For polystyrene films with a thickness 
less than 100 nm, they concluded that the lower the initial thickness, the higher the 
maximum swelling. Assuming the maximum swelling of PS film with 95 nm 
thickness can reach to 10%, as mentioned above, the increased thickness of a 
swollen PS film by CO2 at 60 bar would be no more than 10 nm, even less after 
shrinking during the depressurization process. We have shown that the maximum 
embedding depth of gold nanoparticles obtained with longer annealing time (16-17 
nm in Figure 3.3) is much higher than 10 nm. This clearly shows, the swelling of 
the polymer inside the CO2 is an important factor, but not the sole cause for 
embedding, as described in Figure 3.6. 
 
Figure 3.6. The embedding process of Au NPs on PS film surfaces treated by CO2: 
(A) before treatment; (B) joint action between the wetting force of PS on gold 
nanoparticles and sorption of CO2 inside PS film; (C) embedded of gold 
nanoparticles inside the PS surface. PS films still remain swollen after 
depressurization. 
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We also plotted the relative embedding depth of Au NPs as a function of 
pressure at 40 °C in Figure 3.7 to examine the effect of film swelling on particle 
embedding, with the aim to directly compare the plot with the film swelling 
isotherms. The relative embedding degree was defined hdepth/L0, where hdepth and L0 
are the calculated embedding depth and the original film thickness, respectively. 
This is different from the in situ swelling isotherms of PS thin films[49] and bulk[50] 
because the extent of embedding increases slightly as a function of pressure and the 
value is less than the degree of swelling of PS films at a low pressure region. 
However, as the processing pressure increases to near the critical region of 
supercritical CO2, the embedding depth of Au NPs increases steadily to become 
even greater than the observed maximum PS film swelling dilation. This observed 
nonlinear relationship between swelling isotherms of PS films and particle 
embedding once again proves our conclusion that film swelling itself is not the 
direct cause of embedding and does not linearly reflect the chain mobility of the 
polymer. 


















 40 °C, film, 130 kg/mol
 40 °C, film, 360 kg/mol
 35 °C, film, Li et al
 50 °C, film, Li et al
 35 °C, Bulk, Zhang et al 
 
Figure 3.7. Embedding of 20 nm gold nanoparticles as a function of processing 
pressure of the compressed CO2 at 40 ˚C on PS films. Swelling isothermal of PS 
films and bulk are from refs [49] and [50], respectively. 
At pressures of 90 and 100 bar, the gold nanoparticles completely disappear 
inside the PS films. Obvious phase separation of the films themselves is also 
observed under these conditions, suggesting that polymer flow occurred inside CO2. 
These phenomena could also be explained the same way as anomalous PS swelling 
was addressed in the literature, such as density fluctuations at this pressure 
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range,[24,25] an excess absorption of CO2 at the polymer/CO2 and polymer/substrate 
interfaces,[49] and heterogeneous concentrations at the free polymer surface 
extending to the substrate.[32] This sharp pressure region seems uncontrollable for 
the embedding of 20 nm sized particles. When the pressure for the PS films is 
raised to 120 bar, no dewetting of PS film appears, but the embedding extent of 
gold nanoparticles shows a decrease as compared to the value at 80 bar. It is 
noteworthy, that our previous study on the embedding of 500 nm sized silica 
particles on the polystyrene surface presented an increasing trend without any 
maxima as a function of pressure; the trend was due to the swelling behavior of 
bulk polystyrene.[42] The different observations from our two systems support the 
growing body of evidence suggesting that bulk and thin films respond differently to 
gas sorption and permeation, especially when plasticization is significant. 
The roughness of the PS films does not show any increase after treatment in CO2; 
it remains 0.5 nm, which suggests that there is no large void formed inside the PS 
films after depressurization. But this does not necessarily indicate that the CO2 was 
completely released from the film after depressurization, causing the film itself to 
return to its thickness as before pressurization. In fact, an in situ X-ray reflectivity 
study by Chebil, et al [35] showed that the film remains swollen as a consequence of 
excess CO2 molecules that become trapped inside the used ultrathin PS films after 
depressurization. Nevertheless, the increased thickness of PS after depressurization 
is not expected to exceed the maximum degree of swelling before depressurization, 
and it would be too thin to reach a depth as high as the maximum embedding depth 
obtained. Therefore, a similar conclusion can be drawn, that the embedding depth 
is not solely caused by the swollen polystyrene that remains after depressurization. 
The fact that neither the thickness increase inside CO2 nor the remaining swollen 
PS film after depressurization can account for the observed embedding depth 
suggest relevant additional factors to take into account, such as the surface tension 
(wetting) force of PS for gold. Other forces such as gravity and hence the buoyant 
force on the nanoparticles can be neglected due to their order of magnitude in the 
range of 10−19 N.[38, 41] Similarly, the repelling force during swelling is not expected 
to have a big influence on the final embedding depth either. Accordingly, the 
surface tension force is likely to be the dominant driving force for embedding, 
which was also claimed as the key driving force for the embedding system without 
CO2.[37, 41] However, it is CO2 that actually endows polymer chains with an 
enhanced mobility at temperatures far less than bulk Tg; otherwise, there would 
hardly be any possibility of particle embedding. Therefore, combining all the 
discussion above, we can conclude that the embedding is a result of joint action 
between the wetting force of PS on gold and the sorption of CO2 inside PS.  
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3.3.4 Welding of PS Colloidal Crystals in CO2 
 
Figure 3.8. (a-c) AFM images of PS colloidal crystals and (d-f) schematic 
overviews how welding degrees were measured: (a) two dimensional AFM image 
of PS colloidal crystals; (b) zoom in image of (a) in which particles packed with 6 
others were chosen for statistical analysis; (c) three dimensional AFM image of PS 
colloidal crystals; (d) definition of D10 and D20 before treatment with CO2; (e) D1 
and D2 after welding of PS colloidal crystals; (f) typical height profile obtained 
from the green line in the AFM images (a), (b) and (c).  
To verify whether polymer chain mobility is indeed enhanced by CO2, we also 
investigated the dynamic response of spherical PS surfaces to CO2 by studying the 
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welding behavior of polystyrene colloidal crystals in which most of the colloids 
were packed as hexagon crystals (Figure 3.8 and Figure S3.15). As opposed to the 
embedding process between hard particles and a soft polymer surface, the welding 
of polymer colloidal crystals is a soft/soft interface interaction. The idea is that if 
polymer chain mobility was greatly enhanced, it is expected that polymer chains at 
the touching points between the adjacent particles can mutually diffuse and 
intertwine with local polymer chains after the treatment of CO2, driven by surface 
tension force.[18] This bidirectional diffusion can thus result in an interface region. 
Once the entanglement network is formed at this region, it seems that the recovery 
of the polymer chain is greatly delayed after being removed by an external force 
(CO2 in this case), and the pre-transported polymers are stuck inside the 
entanglement network. This means the interface region can still exist even after 
depressurization, as indicated by fusion between the PS particles after CO2 
treatment. The fusion would be much more obvious when particles are closely 
packed. Also, the greater the surface chain mobility, the greater the welding 
between particles. In turn, the degree of welded PS colloidal crystals also reflects 
the extent to which the surface mobility is enhanced.  
To measure the welding degree of colloidal crystals with CO2, we introduce 
three parameters to quantify it, including D1, D2, and H, as shown in Figure 3.8. 
D1 is defined as the distance between two symmetric junction points of the PS 
particle with its neighbors, shown as the distance between neighboring minima in 
height profile. D2 is the distance between the two adjacent particles center, which 
can be measured by the distance between adjacent maxima from the height profile. 
PS particles under the gray/green line, which are closely surrounded by six other 
particles, were the ones chosen for analysis, and the position of the gray/green lines 
is where the height profile was obtained. The final values of these three parameters 
used for discussion are the Gauss averages obtained from statistical analysis 
(details shown in Figure S3.16 for D1 and Figure S3.17 for D2). The H value is 
the height difference between the top point of a particle and the touching points 
between the particles and also the maxima value of peaks in a height profile. The 
H0 value for the original PS colloidal crystals was measured by AFM to be only 
36.3 nm (Figure S3.18), which is far from the expected value of 100 nm (in 
principle, this would be equal to the radius of particles). This can be explained by 
the strong repulsive force on the tip caused by both particles, in which case, the tip 
cannot penetrate deeper in-between the particles. However, as presented in Figure 
3.9a, D1 and D2 decrease first with an increase of CO2 pressure until 80 bar and 
then show an increase at higher pressure conditions. Assuming there is no welding 
between particles during treatment in CO2, i.e. no polymer interface region formed 
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and thus no entanglement interaction between polymer chains from neighboring 
particles, it is likely that particles would simply shrink back to their shape after 
release of CO2, and thus nothing would occur. In that case, D1 and D2 would keep 
their original value as before treatment, which is obviously not happening in our 
experiments. The decrease of D under CO2 conditions seemingly results from the 
position change of particles but essentially indicates the welding between PS 
particles. A bigger difference between D and D0, (i.e., D − D0, shown in Figure 
3.9b) indicates a greater welding degree between particles and suggests a higher 
mobility of the polymer surface. 








































Figure 3.9. The diameter of PS particles (D1) and the distance between contiguous 
particles (D2) were changed with the pressure of CO2 at 40˚C, for 2 h: (a) the real 
value of D1 and D2 and (b) the difference in values of D10–D1 and D20–D2 as 
compared to the original. 
At the low-pressure region, it is easy to understand that the increase of welding 
degree with increased pressure can be attributed to increased CO2 sorption and thus 
greater surface mobility of the polymer. The higher the surface mobility, the 
greater the entanglement degree at the polymer interfaces which results in a 
decrease in D1 and D2. It is remarkable that an anomalous peak in the welding 
degree was observed in Figure 3.9b at the highly compressibility pressure region 
and that the welding extent is found to be even higher than those found at the high 
pressure region. Koga et al.[28, 51] also observed via neutron reflectivity that the 
diffusion coefficient between polymer films in the presence of CO2 increased 
rapidly as the pressure was decreased from the high-pressure incompressible region 
to 90 bar into the highly compressible region. Similar anomalous behaviors as a 
function of the CO2 pressure were also found in the swelling changes of polymer 
thin films [24,25,32,49] in the welding relaxation time of colloidal crystals by 
Abramowitz et al.[18] The possible reasons were excellently discussed in these 
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works, and the consensus reached is that the anomalous features are associate with 
the excess CO2 in the interface region which induce large density fluctuations of 
CO2. Here the 200 nm PS particles exhibit thin film rather than bulk behavior and 
are thus quite comparable to the embedding behavior of thin polymer films. The 
changing trend of welding also agrees with our above observation. 
It is noteworthy that the decreasing trend of D in welded colloidal crystals below 
80 bar is similar to the gold nanoparticles embedding depth change with pressure. 
Comparing the specific values (Table S3.1), the embedding depth of Au NPs on 
the polymer surface is almost half of the width of the interface region between PS 
particles, with a slight difference when they are treated at the same CO2 conditions. 
The slight deviation between the two systems is quite reasonable because they are 
rigid particle/soft polymer and polymer/polymer interface systems, respectively. 
The similarities between the two systems provide evidence for the enhanced 
surface mobility of polystyrene at a temperature at which polystyrene is 
traditionally believed glassy. It also proves that surface chain mobility can be 
regulated by CO2 conditions. 
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3.4 Conclusions 
Successful embedment of 500 nm silica particles inside polystyrene with various 
embedding depths under different CO2 pressure conditions was observed. A similar 
increasing trend of the embedding depth for 20 nm gold nanoparticles on flat PS 
films was observed with the increase of CO2 pressure at quite lower temperatures 
(even lower than 40 ˚C). Both observations prove that the developed CO2–aided 
masking method results in consistent and controllable particle embedding, from a 
few to several hundredths of nanometers. 
The surface mobility of PS templates was greatly enhanced in the presence of 
CO2, which was confirmed by the study of the welding behavior of PS colloidal 
crystals. The particle embedding behavior of gold nanoparticles over time shows 
multistep features of the process at 35 and 40 °C, indicating a viscos behavior of 
the polymer surface layer at the same depth of the particle embedding; i.e., the 
polymer film undergoes transition from the glass state to the elastomeric state in 
the presence of CO2 at these temperatures. Therefore, the developed embedding 
technique can to some extent be used as an effective tool for detecting the thermal 
properties of polymers inside CO2.  
Bare spherical PS templates demonstrated a swelling–shrinking process during 
treatment by CO2. However, swelling of PS templates is not the sole factor for the 
high embedding depths according to our embedding studies of gold nanoparticles 
on flat PS films. Embedment of particles can be considered as a result of joint 
action of the wetting force of the PS template on particles and the swelling of PS 
templates inside CO2. In this case, surface properties of both target particles and PS 
templates which relate with the wetting force of PS need also to be considered. 
    Based on the investigations in this chapter, we therefore got better insights into 
how to tailor our embedding treatment for the desired Janus particles in further 
processes. A broad size range of Janus particles through properly tuned CO2 
conditions, from a few to several hundred nanometers, can be fabricated 
accordingly.   
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3.5 Supporting Figures 


















Figure S3.1. Second scan DSC curve of the original 10 μm PS-COOH particles. A 
sharp peak appeared instead of the traditional Tg terrace in bulk polystyrene even 
after one time annealing treatment of the particles. This may be due to the melting 
of PS colloid crystals when the temperature is higher than Tg.  
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Figure S3.2. SEM images of embedded silica particles into PS sphere templates 
after treatment by CO2 at 126 bar for 4 h at different temperatures: (a) 55 ˚C, (b) 45 
˚C, (c) 33 ˚C, (d) 25 ˚C. 
 
Figure S3.3. SEM images of silica particles with different embedding degrees into 
PS sphere template after treatment by CO2 at 60 ˚C, 126 bar for 1 h.
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Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89016
Value Standard Error
B y0 -0.49792 1.22546
B xc 19.96173 0.20985
B w 4.87913 0.62992























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.75602
Value Standard Error
B y0 -0.07087 1.07001
B xc 13.83859 0.43344
B w 8.5742 1.50281






















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.92304
Value Standard Error
B y0 1.58988 0.7821
B xc 9.70835 0.12205
B w 2.74528 0.28

















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.93138
Value Standard Error
B y0 0.71644 0.55822
B xc 8.65309 0.15157
B w 4.38497 0.37432
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Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.94885
Value Standard Error
B y0 0.43279 1.22612
B xc 5.18897 0.09631
B w 2.38225 0.232
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20  Percentage, %
 Gaussian Fit
Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.96016
Value Standard Error
B y0 -0.39486 0.83067
B xc 5.79894 0.11014
B w 3.88292 0.30259
B A 105.58596 9.98693
B sigma 1.94146












Figure S3.4. Apparent height distribution of individual gold nanoparticles (around 
20 nm) on PS film surfaces by heat annealing at 105 ˚C for various lengths of time: 
(a) without annealing; (b) 20 min; (c) 60 min; (d) 90 min; (e) 120 min; (f) 300 min. 
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Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89016
Value Standard Error
B y0 -0.49792 1.22546
B xc 19.96173 0.20985
B w 4.87913 0.62992












Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89053
Value Standard Error
B y0 0.23693 0.79276
B xc 18.12332 0.20126
B w 4.60719 0.50874





















30  Percentage, %
 Gaussian Fit
Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.94352
Value Standard Error
B y0 -0.37653 1.40451
B xc 4.16177 0.0575
B w 1.45384 0.15222





























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89012
Value Standard Error
B y0 -0.39481 1.81026
B xc 2.77087 0.09182
B w 1.83472 0.26894















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.93073
Value Standard Error
B y0 1.11531 1.1521
B xc 3.50857 0.11216
B w 2.4332 0.26357























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.82655
Value Standard Error
B y0 -0.365 2.23242
B xc 3.02029 0.11876
B w 1.82816 0.33371














Figure S3.5. Apparent height distribution of individual gold nanoparticles (around 
20 nm) on PS film surfaces by CO2 annealing at 60 bar at 35 ˚C for various lengths 






















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89016
Value Standard Error
B y0 -0.49792 1.22546
B xc 19.96173 0.20985
B w 4.87913 0.62992






















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.73616
Value Standard Error
D y0 2.54102 1.28656
D xc 16.20975 0.48599
D w 5.40215 1.11056















18  Percentage, %
 Gaussian Fit
Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.68192
Value Standard Error
B y0 -0.09897 1.52077
B xc 17.78545 0.44198
B w 6.04889 1.27558












Apparent Height (nm)   








14  Percentage, %
 Gaussian Fit
Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.78876
Value Standard Error
B y0 -0.00561 0.81196
B xc 16.53734 0.37672
B w 7.41855 1.06584
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Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.96099
Value Standard Error
B y0 0.19292 0.94814
B xc 3.0791 0.04524
B w 1.3735 0.11109




      








35  Percentage, %
 Gaussian Fit
Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.67552
Value Standard Error
B y0 -1.00633 4.14219
B xc 2.84035 0.16156
B w 1.60243 0.46469

























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.94749
Value Standard Error
B y0 1.98285 0.99687
B xc 4.14146 0.07089
B w 1.59975 0.14258














Figure S3.6. Apparent height distribution of individual gold nanoparticles (around 
20 nm) on PS film surfaces by CO2 annealing at 60 bar at 40 ˚C for various lengths 
of time: (a) without annealing; (b) 66 min; (c) 127 min; (d) 150 min; (e) 180 min; 
(f) 300 min; (g) 362 min. 
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Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89016
Value Standard Error
B y0 -0.49792 1.22546
B xc 19.96173 0.20985
B w 4.87913 0.62992
















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.91293
Value Standard Error
B y0 -1.11912 1.23969
B xc 18.65802 0.20074
B w 6.04754 0.73714



























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.68192
Value Standard Error
B y0 -0.09897 1.52077
B xc 17.78545 0.44198
B w 6.04889 1.27558





















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.94851
Value Standard Error
B y0 0.48429 0.7379
B xc 10.77246 0.12567
B w 3.91299 0.32936


























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.9742
Value Standard Error
B y0 0.6659 0.82228
B xc 2.18293 0.02533
B w 0.8526 0.05845

























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.72517
Value Standard Error
B y0 0.09869 1.01366
B xc 12.55332 0.4124
B w 6.32645 1.07414














Figure S3.7. Apparent height distribution of individual gold nanoparticles (around 
20 nm) on PS film surfaces (prepared with 130 kg/mol polystyrene) by CO2 
annealing at 40 ˚C for 2 h at different pressures: (a) without annealing; (b) 40 bar; 
(c) 60 bar; (d) 70 bar; (e) 80 bar; (f) 120 bar.  
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Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89016
Value Standard Error
B y0 -0.49792 1.22546
B xc 19.96173 0.20985
B w 4.87913 0.62992













Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.81904
Value Standard Error
B y0 2.03581 0.87768
B xc 20.45661 0.16717
B w 2.42248 0.36415



























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89527
Value Standard Error
B y0 0.28548 0.65561
B xc 17.83538 0.20156
B w 4.91444 0.5015

























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.87048
Value Standard Error
B y0 0.14326 0.6169
B xc 13.47542 0.24659
B w 5.7821 0.62017














   





20  Percentage, %
 Gaussian Fit
Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.9247
Value Standard Error
B y0 0.72972 0.68078
B xc 3.64946 0.06843
B w 1.69855 0.15862














Figure S3.8. Apparent height distribution of individual gold nanoparticles (around 
20 nm) on PS film surfaces (prepared with 360 kg/mol polystyrene) by CO2 
annealing at 40 ˚C 2 h at different pressures: (a) without annealing; (b) 40 bar; (c) 
60 bar; (d) 70 bar; (e) 80 bar. 
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Figure S3.9. Embeding depth of 20 nm gold nanoparticles as a function of 
processing temperature of the compressed CO2 at 60 bar on PS films with two 



























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89016
Value Standard Error
B y0 -0.49792 1.22546
B xc 19.96173 0.20985
B w 4.87913 0.62992

















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.96178
Value Standard Error
B y0 0.11083 0.56474
B xc 19.84467 0.11822
B w 4.72643 0.327
























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.94352
Value Standard Error
B y0 -0.37653 1.40451
B xc 4.16177 0.0575
B w 1.45384 0.15222


























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.68192
Value Standard Error
B y0 -0.09897 1.52077
B xc 17.78545 0.44198
B w 6.04889 1.27558
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Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.90969
Value Standard Error
B y0 0.17305 0.72488
B xc 13.70183 0.18588
B w 4.80315 0.48105














Figure S3.10. Apparent height distribution of individual gold nanoparticles 
(around 20 nm) on PS film surfaces (prepared with 130 kg/mol polystyrene) by 
CO2 annealing at 60 bar for 2 h at different temperatures: (a) without annealing; (b) 
30 ˚C; (c) 35 ˚C; (d) 40 ˚C; (e) 50 ˚C. 
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Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89016
Value Standard Error
B y0 -0.49792 1.22546
B xc 19.96173 0.20985
B w 4.87913 0.62992
















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.94378
Value Standard Error
B y0 0.04248 0.43077
B xc 15.31565 0.15286
B w 5.49305 0.38403












Apparent Height (nm)  










Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.91662
Value Standard Error
B y0 1.20512 1.12254
B xc 4.09778 0.11959
B w 2.3935 0.27457












Apparent Height (nm)   













Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89527
Value Standard Error
B y0 0.28548 0.65561
B xc 17.83538 0.20156
B w 4.91444 0.5015

























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.8385
Value Standard Error
B y0 -0.83365 1.34668
B xc 14.38742 0.31873
B w 8.04039 1.30819












Apparent Height (nm)  
Figure S3.11. Apparent height distribution of individual gold nanoparticles 
(around 20 nm) on PS film surfaces (prepared with 360 kg/mol polystyrene) by 
CO2 annealing at 60 bar for 2 h at different temperatures: (a) without annealing; (b) 




      
  
Figure S3.12. Transmission electron microscope images of gold nanoparticles of 
various sizes: (a) 5 nm; (b) 10 nm.         




















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.88936
Value Standard Error
B y0 -0.23386 0.89589
B xc 4.36923 0.11908
B w 3.12658 0.36131






















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.96486
Value Standard Error
B y0 1.43924 0.86933
B xc 2.72687 0.04025
B w 1.1411 0.09544





Figure S3.13. Apparent height distribution of individual gold nanoparticles 
(around 5 nm) on PS film surfaces before (a) and after (b) CO2 treatment at 60 bar 
at 40 ˚C for 2 h. 


















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.95559
Value Standard Error
B y0 -0.15765 0.9348
B xc 10.07315 0.10572
B w 3.22864 0.26992

























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.94528
Value Standard Error
B y0 0.77453 1.09451
B xc 7.6631 0.09223
B w 2.20764 0.21208





Figure S3.14. Apparent height distribution of individual gold nanoparticles 
(around 10 nm) on PS film surfaces before (a) and after (b) CO2 treatment at 60 bar 
at 40 ˚C for 2 h.  









       
Figure S3.15. AFM images of PS colloidal crystals before (a) and after CO2 
treatment at 40 ˚C for 2 h but at different pressures: (b) 60 bar; (c) 70 bar; (d) 80 
bar; (e) 100 bar; (f) 120 bar; (g) 140 bar; (h) 160 bar; (i) 200 bar. The particles 
under gray lines were chosen for statistical analysis. 
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Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.39039
Value Standard Error
B y0 1.61926 3.51651
B xc 202.83353 1.66659
B w 10.7274 4.40234

























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89576
Value Standard Error
B y0 1.68143 1.35274
B xc 198.61421 0.36603
B w 7.25549 1.14772












D1 (nm)  









Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.73203
Value Standard Error
B y0 3.44129 1.73414
B xc 187.16554 602.96701
B w 1.63679 1475.43707






















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.84501
Value Standard Error
B y0 2.22798 0.99547
B xc 174.65791 0.52048
B w 8.18526 0.98713











D1 (nm)  












Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.73559
Value Standard Error
B y0 3.57958 1.41847
B xc 187.47979 80.36743
B w 1.68354 3347.023






















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.83024
Value Standard Error
B y0 4.07711 1.91084
B xc 193.91152 0.79338
B w 2.53582 0.7461

























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.75419
Value Standard Error
B y0 -0.42761 2.69225
B xc 196.1783 1.01732
B w 11.45032 2.62852

























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.77653
Value Standard Error
B y0 -0.69251 3.00429
B xc 198.53882 0.60459
B w 8.35187 1.51572
















    










Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.5668
Value Standard Error
B y0 -1.14676 4.12908
B xc 193.37004 1.60777
B w 16.99729 5.2547














Figure S3.16. Size distributions of D1 in PS colloidal crystals before and after CO2 
treatment at 40 ˚C for 2 h at different pressures. 









Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.88866
Value Standard Error
B y0 1.16515 1.16738
B xc 202.24885 0.43316
B w 7.85531 1.00595

















20  Percentage, %
 Gaussian Fit
Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.90498
Value Standard Error
B y0 0.22878 1.35178
B xc 197.40528 0.49692
B w 11.24585 1.48199
B A 284.21607 46.68973
B sigma 5.62292










D2 (nm)  











Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.96794
Value Standard Error
B y0 0.0774 0.92037
B xc 191.7386 0.22436
B w 7.54335 0.5461

























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.8034
Value Standard Error
B y0 0.28372 1.1616
B xc 176.2418 0.74305
B w 14.58823 2.33528
























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.96053
Value Standard Error
B y0 0.24782 0.87853
B xc 187.57927 0.26667
B w 8.23653 0.66006
B A 288.24183 25.54194
B sigma 4.11827

















25  Percentage, %
 Gaussian Fit
Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.91872
Value Standard Error
B y0 -0.13509 1.74774
B xc 194.27846 0.40476
B w 8.74932 1.11267
B A 297.78246 47.03193
B sigma 4.37466
B FW HM 10.30154
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30  Percentage, %
 Gaussian Fit
Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.94229
Value Standard Error
B y0 0.21476 1.17467
B xc 195.10451 0.35429
B w 8.35863 0.88241

























Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.89327
Value Standard Error
B y0 1.94089 1.56052
B xc 198.28454 0.3581
B w 5.62457 0.78443































Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.97394
Value Standard Error
B y0 -0.20371 0.64083
B xc 192.80163 0.2619
B w 11.46563 0.70045





Figure S3.17. Size distribution of D2 in PS colloidal crystals before and after CO2 
treatment at 40 ˚C for 2 h at different pressures. 





















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.83711
Value Standard Error
B y0 0.28699 0.56155
B xc 36.31838 0.27283
B w 5.68464 0.64018
















Equation y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
Adj. R-Square 0.99159
Value Standard Error
B y0 0.55301 0.26597
B xc 20.62168 0.03442
B w 2.45288 0.07553












H (nm)  
Figure S3.18. Size distributions of H in PS colloidal crystals before (left) and after 
(right) CO2 treatment at 40 ˚C for 2 h at 200 bar (right). 
Table S3.1. Results from different systems between polymer/polymer interface and 
polymer/rigid interface, both treated at 40 ˚C, 60 bar for 2 h in CO2. 
Pressure (bar) 60 70 80 
ΔD1 (interface region width, nm) 4,23 15.66 28.14 
½ ΔD1 2.16 7.83 14.07 
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